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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K(px) — m(p1)m(p2)v(q)

e Lorentz 4+ gauge invariance = Electric (F) and Magnetic(M ) amplitude

AK — my) = FF'[EQ, KO, + Me,,,00° KO ]

e Unpolarizated photons
d°T

~ |E]?2 4+ | M|?
Toidon |E|" + [ M]
|E?| = |Ers|° + 2Re(EigEp) + | Ep|?
1
Low Theorem = E;p ~ % + c Ep, M chiral
Y

tests
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

We need FIGHT DE/IB~ 1077

IB DE.,,
Kg — nhn 1073 <9.-107° E1
1074 (0.6 £ 0.04)107°
+ +..0
K™ > nmnmy (AI:%) PDG M1,E1
_ 107° (2.84 +0.11)107° M1
+ 9
Ke=mmy  opyy KTeV VMD

CPV is only from IB K, (also measured in K; — ' m ete™)

BUT IB suppressed in K and K.
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kt — ol

A(K — nmy) = F" [E8,KO,m + Me,,,,0" KO 7]

E'1 and M1 are measured with Dalitz plot

2
82F _ 82F]B m._+ ﬂ 2
arow’ ~ arow? | T K 2lte (eA) w
mfﬁ E1|* M1|? 4
L eA + eA‘ w
Mg

W?* = (q-pk)(q-p+)/(mim3)

A=AKT - ntaY)
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G. D’Ambrosio Kg — 77711 and other interesting kaon decays

K™ — n7n% W — T, Dalitz plot

Integrating over T, deviations from IB measured

I nner Brensstrahl ung Magneti ¢ DE

o) 20 40 60 80 100 o) 20 40 60 80 100
Tc Te
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G. D'Ambrosio Kg—m 71717 and other interesting kaon decays

CP asymmetry K™ — 770y

I nterference

Dalitz plot analysis crucial
SM < 0(10_5) Paver et al.

NP < 0(10_4) Colangelo et al.

0 20 40 60 80 100
Tc

NA48/2 <15-107% at 90% CL

BUT NOT in the interesting interf. kin. region (statistics)
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K4 and 7 strong phases 6! (s) Cabibbo Maksymowicz

GF . 5
— V,s evH (1 — v H , D2,
7 (1 —~°)v Hyu(p1,p2,q)

.0
H" = Fipi + Fopl + 5 P p1,pangs. Fi(s) = fi(s)e™0s) ¢

e crucial to measure sind = interf I3

e Look angular plane asymmetry
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

KL — 7T+7T_’}/* — 7T+7T_€+€_ Sehgal et al; Savage,Wise et al
™ (p1)
e Mip=gzev(l—9°) e H,
KHE) (p2)
o H' = Fipl + Foply + F3 " *Fp1,paags
‘@) e’ (ky)
o (k) OFl,QNE FgNM

e Interference & M novel compared to K, — w7

e £ M known from K — n7n~v (IB and DE)
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Krp s ntny* > ntnete” 0o, d vs 0

d°T
dExdTdq?d cos 0ydg
+ A, sin 20, cos ¢ + A5 sin 6y cos ¢ + Ag cos b,
+A7 sin 0, sin ¢ + Asg sin 260, sin ¢ + Ag sin® 0y sin 2¢

= A+ Ay sin? 0, + As sin? 0, cos? 1)

o A 4 1B, Ago, CPV B-M interf.

R(Eg M™)
¢ 2
|[EB|” + | M|

5 Is maximal, ~ 0.1

o A5 7 interf. axial leptonic current ,

Ap SD
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K+ — 7'('—*—7'('0’}/>l< — 7T+7T0€+6_ Cappiello, Cata,G.D. and Gao,

R(Ep M*)

e the asymm. |, :
Y Eg” + | M

not as lucky Egp >> M:

° B(K+)]BN3.3X1O_6 ~ 950 B(K+)M

e Short distance info without having simultaneously K™ and K, asymm.
in phase space, ( P-violation) interesting! No e-contamination

e interesting Dalitz plots (at fixed ¢?) to disentangle M from Ep

e at ¢° = 50MeV IB only 10 times larger than DE
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G. D'Ambrosio Kqg — 77711 and other interesting kaon decays

g. (MeV) B[10°] B/M B/E B/BE B/BM

2m, 418.27 71 4405 128 208
55 5.62 12 118 38 Ad
100 0.67 38 30 71 36
140 0.04 9 10 -45 37
180 0.003 12 5 -19 Ad

0.10 0.10
54%x107" 34%x107%
0.08 - ‘ 0.0s -l ‘
*UO.Oé T *UO'% L
~ L e~ L
0.04 < 0.04 .
0.02 - n 0.02 - -
] 0 ' it 0
0.00 ; 0.00 . :

0.06 0.08 0.10 0.i2 0.14 0.16
®

Workshop on Rare Strange Decays at LHCb CERN, 6th December 2013 10



G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kg—ntn ete” and Kg — ntn utu™

BR(Ks —» m'm e'e )p=4.73x 107"
BR(Ks — ntn et e )pp = 2.68 x 10°°
BR(Ks —» nin ete g =6.82x 10!
The branching ratio of the Brehmsstrahlung is very close to the PDG value
BR(Ks — ntn et e )ppe = (4.79 £ 0.15) x 10~°
Ks — mtn utu~ 7.15 MeV phase space
BR(Ks > nn ptpu )p =417 x 107"
BR(Ks —» 7' n ptpu )pr = 4.40 x 1077
BR(Ks > n p 'y )g=1.16 x10""°
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kg—ntn ete” and Kg — ntn utu™

30—
6x108 r
[ 25) ]
6 ] ]
3 5x10 8 7 ]
= [ = F
= [ = L ]
& 4x108 ¢ b & 20 [
O [\ o [
Q -g 15 L
Pa) 6 i — an ]
% 3x10 5 7
~— [ X
S8 2x10°F ] w10 ]
[\ t o
O i ] N
= 1x108] 3 05F ]
0 r M A —r— = L — ] 0.0 : ;. P S S I \_\:r--:v:"‘;'r;w—-n- L]
0.00 . . . 0.04 0.0445 0.0450  0.0455 0.0460  0.0465 0.0470  0.0475

q 2GeV?
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G. D'Ambrosio Kqg — 77711 and other interesting kaon decays

Kg — ntnm~utu~: B, interf, DE
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K*(Kg) — nt ()t~

e short distance << long distance LD described by form factor W
. p i m, K . .
s " x W' =Grmk(ai + biz) + Wi (2)
1 =4,S5
| ) :
q
<v 2 ai, bi ~ O(1), 2=
(

2
_L ™m g

e Observables I‘(KJr — weTe), I‘(KJr — 7wt um), slopes

® a; O(p4) Ecker, Pich, de Rafael

([ b@ O(p6) G.D., Ecker, Isidori, Portoles

® a., by in general not related to ag, bgs
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

e Expt. ES65 and NA48
Kt s nfete”: ap = —0.586 +£0.010 b, = —0.655 £ 0.044

confirmed NA48 K™ — num a, = —0.575£0.039 by = —0.813 £ 0.145

a; b; same phenomenological size
Problems: i 6 , ,
p° P different theoretical order

Probably explained by large VMD. Then we can just parameterize

Br(Ks — mete”) = 4.6 x 10" aj

not predicted but dynamically interesting: ag ~ O(1) (7): NA48
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kg — m’eTe™ at NA48/1 Collaboration at CERN
e 7 events observed (with 0.15 expected background events)

B(Ks — meTe )m.o>165 Mev = (3.0515 £0.2) x 1077

las| = 1.08%55)
Using Vector matrix element and form factor equal to 1
B(Ks — mete™) = (5.8757) x 1077
e 6 events observed in Kg — 7m0t

las| = 1.547075
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

e The large slope for K+ — ntete™ calls for large VMD

e KT — wtete™ receives substantial mm-loop, contrary to Kg — nlete™

(~0),

o if we split

a; ™Mb VMD VMD VMD VMDD
7 n ~ n
2Mie [ My, my,
Then we can determine both terms from expt.
m?
aMP = —bp7P =-16+0.1, oM =a7P—a{MP =1.0+0.1

mK
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

e Assuming a short distance relation

Buchalla,lIsidori,G.D.

(aS) (Qrv) — —(CL_|_) (Qrv)

e If this relation is obeyed by the full VMD amplitude

(as™") gy = —al™P =1.6+£0.1

in good agreement with NA48 (las| = 1.08%73%)
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K — m’eTe™ : summary

Br(K; — n’ete”) <2.8-107" KTeV

CP conserving NA48

Br(K;, — nete™)< 3-10 1

K

V-A® V-A = (n'eTe™|(3d)yv_a(€e)y_a|KL) violates CP
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

0 e s W d
N u,c t u,c,t
2) €X v + 3 — Im N\
(2 A= ViV
Ks e e : e

TB(KS — 7roe+e_) = 4.6a% x 1077

Possible large interference: ag<< —0.5 or ag> 1; short distance probe even for ag large

ImM\ Im,\ 2
|2) +3)|2 = 15.3 a% — 0.8 1T(;’L_4t a’S+28( m t) . 10_12

(17.2+ 9.4 + 471 -107 "
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Conclusions

o K — mmll

o K — mll

e still to discuss App in K — 7ll

e still to discuss time interference in K — 7wrll
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Ks(KL) = pp

o A(KO — l+l_) — ’L_Ll(iB -+ A’}/5>Ul

e if No polarization is measured

4m?2
I(Kps—pp”) =m§<—ﬂﬁl(|A\2 + |BJ]?) 8 = ‘/1_m_%:

e For Polarization studies see Peter Heczeg Phys.Rev. D27 (1983) 1512
LA-UR-82-3262
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G. D'Ambrosio

st—>7'('

+

71717 and other interesting kaon decays

DKy — pp)

(KL = v7)
[ImA|*=27.14 r =

r kin. factor

<<

Kp — pp

= |ReA|? + |ImA|? = (1.238 £ 0.024) - 107°

[Re(Asp + Arp)|? = (0.98 £ 0.55) r

Good determination of A;,p = Agp= SM test

Workshop on Rare Strange Decays at LHCb
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Low energy form factor 4+ matching with VMD to QCD

We use a QCD mOtivated form faCtor G.D. Isidori, Portoles;lIsidori, Unterdorfer

2 2
% * ex q q
AKL = 7 ()7 (g2)) = ATY [1 ta <q% —1M‘2/ " G _2M\2/>

VLG ]
(af — M) (g3 — M)

+

o fixed from K — y+* B from K — eTe  pp (not yet)

Matching with QCD ¢%, g3 — oo imposes |1 + 2a + 3] ~ 0.3
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Isidori, Unterdorfer

o |[ImA|*=2714r = |Re(Asp + Arp)|* = (0.98 = 0.55) r

r kin. factor

e By very accurate study they obtain —3.1 < Agp < 1.7 —
B(Kp — pp)sp < 2.5 x 1077
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Ks — upn  Ecker,Pich; Isidori, Unterdorfer

o A(KO — l+l_) — ’L_Ll(iB -+ A’}/g,)?}l
e N(Kps—putp™)= mg—ﬁﬁl (JA]* + |BJ?) B = S

e Short distance: ONLY CP Violating from A

e SM B(Kg — pf)sp = 1 x 107°|¥(VEVig)|? ~ 10719 NP ~ 1071
allowed:

e LD VERY ACCURATE 5 x 10712, error from expt B(Kg — v7)

e LHCB B(Kg — pp) < 11 x 1072 at 95% CL after 40 years
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[ and other interesting kaon decays

H
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kr(p) = 7°(p3)v(q1)v(q2)

Lorentz + gauge invariance = M~ Ay, z) B(y, z)
Y Y
y:p-(qrqz)/m%{, Z:(q1+q2)2/m%< J =20 D — wave too
re=mmq/m FMVFMV F’“’FM&,KLﬁAWO

d°T 2 2 2 (1472 —2)° 2 i 2
omwz|A—|—B|—|—<y—< 7 —frw>> | B| S, B
e Different gauge structure = B#0 at z — 0 (collinear photons).
Crucial role in K; — wleTe™
A suppressed by m./mg 0 .
B is not

Morozumi et al, Flynn Randall

Sehgal Heiliger, Ecker et al., Donoghue et al. Ky,
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

0
O Ky — myy | |
() (p ) Ecker, Pich, de Rafael; Cappiello,G.D
CT Loop
0
~
|~ I'(K 1, —7%9%)exp 2.5
T )

(GGg from Kg — 27

e O(p°®) A, B from:

/ C
iaCT 5 0 E Cappiello, G.D., Miragliulo
F/WF; aaKLaO T - Cohen, Ecker, Pich
F?m2 Kpn® ;
- Full description of unitarity cut

ALK —3m)=a+bY +cY?+d X?
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays
5 VMD =1 coupling ay (N—O6 G.D., Portoles)

ACT — Oél(Z o TW) + Q2 (Ecker, Pich, de Rafael;Sehgal et al.)

Ber =

o = g = —% — —day ~2 nd.a.~02

e KTeV and NA48: 1 parameter fit (ay ) with all the unitarity corrections

§ —+-DATA
6 ay — g | [ Background +
$1070.46-20.05 (NA48)” R
- 0.72£0.08 (KTeY,
3-10'6f X?/n.d.f=31.1/30

200 -

NA48: No evts.
| at low MMy

B(KL — 7y7)
(1.68 £0.1)- 1079
1.36 +£0.05) - 1079

100

B(K; — nleTe™) «= T
i

o1 05 I 0z 0 E < 5-10 0. 100. 200. 300. 400.
_ . . . : m,, [MeV/c’]
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kr — n%yvy: KTeV recent data

450

B = (1.29 £0.03 £0.05) x 107°

400 [ e Data
L —— 1Pyy+ Bkg MC
[ Bkg MC

Events/0.02 GeV/c?

= ay = —0.31 £ 0.05 £ 0.07

50 |-

Workshop on Rare Strange Decays at LHCb CERN, 6th December 2013 31



G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

e Having i) separated the contribution better suited to comparison with s.d. (VMD) and
ii) realized that this dominates Theoret. and Phenom.(NA48) as

e we believe the positive interference of s.d.

B(K;, — n'ete’)gn =
(3.17,5) x 107" ag

KTeV B(K, — m'ete)

< 2.8><10_10 at 90 %C.L. 1o 04 08 12 16 20 24

10% x
Present error on ag = 1.08,10% 5%, no error !

K -physics bound: —1.2 x 107% < S\, < 1.0 x 107° at 90 %C.L.
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

KT — ntayy

Yy in J =20 J =2

F.,F" FF
P=+1 P=-1
A C B+

Lorentz + gauge invariance

2
dl_ o [22(A+ B]*+|C)?)

dydz
2 2 2
(- (=L o) \BP]
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

KT — ntayy

SN

Ecker, Pich, de Rafael

e O(p")

2
In factorization ¢ = 12§7T [3(L9 -+ LlO) —+ N14 — N15 — 2N18)] = 23(1 —2]€f)

spin-1 contributions (axials) to ¢
e O(pY) G.D., Portoles 96

Unitarity corrections: 30%-40%

ay+ negligible
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Kt — ntyy
(Gev’l) 7\ T L L L L L ‘ [ ‘ T \7
15 - \\\ _
5o b ¢
3 i S 0
~ 10— —
S ] - —— =23
: o :
07\ TN IS SRS Sy £ T \‘ﬁ‘/\/\ L \7
0 .05 1 15 2 25 3 .35 4
m,, (GeV)
BNL 787 (96) got 31 events E949 no events at low m..:
i) confirm O(p®)
i) Br~ (6 £1.6) - 1077
ii)é =1.84+0.6 NA48 published K™ — nTete ™y &= 0.90 £ 0.45

NA48 preliminary B = (1.07 £ 0.04 +0.08) - 107°%, ¢ =2 4+ 0.25
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

K — m’eTe™ : summary

Br(K; — w’ete™) <2.8-107 at 90% CL KTeV

CP conserving NA48

Br(K;, — nete™)< 3-10 1

K

V-A® V-A = (n'eTe™|(3d)yv_a(€e)y_a|KL) violates CP
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Ks € e e

TB(KS — 7roe+e_) = 4.6@% x 1077

Possible large interference: ag<< —0.5 or ag> 1; short distance probe even for ag large

ImM\ Im,\ 2
|2) +3)|2 = 15.3 a% — 0.8 17'(;7/_; a’S+28( m t) . 10_12

(17.7+ 9.5 + 4.7 1077
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G. D'Ambrosio Kg — 7T 7271717 and other interesting kaon decays

Conclusions

e CP conserving contribution in K7 — m'ee is small: confirmed also from
Kt — wt~~ by NA48/2 - NA62

o KT — wtml¢e interesting new channel , see also K™ — 7T 7%uu

e L HCB entering in the scene, 40 years step, see also other Kg channels
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G. D'Ambrosio Kqg — 77711 and other interesting kaon decays

How to extract SD from KT — nTnl%te

T 000

Figure 1: Dalitz plot for the contributions to Ag;g) (in arbitrary units) at ¢° = (50 MeV)?.
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G. D'Ambrosio Kg—ntn 171~

and other interesting kaon decays

Novel CP violation contributions (compared to Acp(K™ — 777%))

(KT — rtrlete™) —I'(K~ — n nlete)
- T(K+ — ntnbete”) + I'(K— — n—nlete)

CcP

.1.7x 107

0.08 | |

0.02

i l O

0.00 " =1 N
0.06 0.08 0.10 0.i2 0.14 0.16

E,*
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